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The convective state of the top of Earth’s outer core is still under debate. Conflicting
evidence from seismology and geomagnetism provides arguments for and against a
thick stably stratified layer below the core-mantle boundary. Mineral physics and cooling
scenarios of the core favor a stratified layer. However, a non-zero secular variation of
the total geomagnetic energy on the core-mantle boundary is evidence for the presence
of radial motions extending to the top of the core. We compare the secular variation
of the total geomagnetic energy with the secular variation of the geomagnetic dipole
intensity and tilt. We demonstrate that both the level of cancellations of the sources and
sinks of the dipole intensity secular variation, as well as the level of cancellations of the
sources and sinks of the dipole tilt secular variation, are either larger than or comparable
to the level of cancellations of the sources and sinks of the total geomagnetic energy
secular variation on the core-mantle boundary, indicating that the latter is numerically
significant hence upwelling/downwelling reach the top of the core. Radial motions below
the core-mantle boundary are either evidence for no stratified layer or to its penetration
by various dynamical mechanisms, most notably lateral heterogeneity of core-mantle
boundary heat flux.

Keywords: geodynamo, stratification, outer core, magnetic field, core-mantle boundary, secular variation

1. INTRODUCTION

In the outer core of the Earth, the turbulent convective flow of an electrically conducting fluid drives
the geodynamo. The geomagnetic field is the measurable consequence of this geodynamo. The
main feature of the geomagnetic field is the dominance of the dipole component. Based on models
of the geomagnetic field and its secular variation (SV) from ground and satellite observations
(Jackson et al., 2000; Finlay et al., 2015, 2016b; Gillet et al., 2015), the dipole intensity has been
decreasing rapidly (e.g. Gubbins, 1987; Olson and Amit, 2006; Finlay, 2008). The dipole decrease
could be related to magnetic energy cascade (Amit and Olson, 2010) or non-local transfers
from the dipole to high spherical harmonic degrees (Huguet and Amit, 2012). Inferring energy
transfers at the top of the Earth’s core may, therefore, provide important insights into the way
the fluid flow at the top of the core distributes the geomagnetic energy. Huguet et al. (2016)
developed a theoretical formalism for the magnetic to magnetic and kinetic to magnetic energy
transfers just below the core-mantle boundary (CMB). They showed that the existence of kinetic
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to magnetic energy transfer corresponds to the presence of
magnetic field stretching induced by upwelling/downwelling at
the top of the core.

For decades, the existence of a stably stratified layer below
the CMB has been a conundrum. Its origin (thermal or
compositional), temporal evolution and the consequences for
core dynamics and for the geodynamo are still puzzling. Several
seismic studies suggested the presence of low P-waves velocity
zone at the top of the Earth’s core, which requires a lower
density than the bulk of the outer core in order to remain stable
(Helftrich and Kaneshima, 2010; Tang et al., 2015; Kaneshima,
2018). In contrast, Alexandrakis and Eaton (2010) did not
find seismic evidence for stratification at the top of the core.
Based on the observation of the SmKS waves which reflect
below the CMB, Kaneshima (2018) argued that its thickness
is about 450 km, larger than a previous estimate of about
300 km (Kaneshima and Helffrich, 2013). However, the new
seismic model of Irving et al. (2018) explains the seismic
observations without a slow and thick stable layer at the top
of the outer core, that is consistent with a fully adiabatic outer
core.

Several hypotheses were proposed to explain a chemical
origin for a stratified region at the top of the Earth’s core,
but it still remains under debate. Diffusion of light elements
from the mantle to the outer core could produce a thick layer
(Gubbins and Davies, 2013), but it cannot explain the low
seismic velocity profiles (Brodholt and Badro, 2017). During
the early Earth, the release of a core impactor may explain the
origin of a stably stratified layer (Landeau et al., 2016) if it has
the right composition of light elements (Brodholt and Badro,
2017). Before the complete solidification of the lower mantle
in the early Earth, interactions between a basal magma ocean
and the top of the outer core may explain the formation of a
light and seismically slow stratified layer (Brodholt and Badro,
2017).

Large outer core thermal conductivity corresponds to outer
core heat flux partly conducted along the adiabat. In this
case, the heat flux at the top of the core is sub-adiabatic and
should lead to the formation of a thermal stably stratified
layer while the deeper outer core convects (Gomi et al., 2013;
Labrosse, 2015). However, the value of the thermal conductivity
of iron under core pressure conditions is still under debate
(Williams, 2018). Ab-initio calculations favor large core thermal
conductivity (de Koker et al, 2012; Pozzo et al, 2012),
whereas high pressure experiments have reported both large
and low values (Gomi et al., 2013; Kondpkovd et al., 2016;
Ohta et al., 2016). For example, the low outer core thermal
conductivity proposed by Konopkova et al. (2016) would likely
correspond to super-adiabatic conditions throughout the entire
outer core.

Geomagnetic evidence for a stably stratified layer appears
in the form of low geomagnetic SV at special points on the
CMB where the field gradient is zero (Whaler, 1980). However,
uncertainties on the exact locations of these points render such
an analysis unreliable (Whaler and Holme, 2007). Magnetic,
Archimedes and Coriolis (MAC) waves in a stratified layer are
in agreement with the 60-year fluctuations of the geomagnetic

dipole intensity over the historical era (Buffett, 2014; Buffett
et al., 2016; Jaupart and Buffett, 2017). In contrast, intense
geomagnetic flux patches at high latitudes and intensifying
reversed flux patches below the South Atlantic are difficult to
explain without the presence of upwelling/downwelling at the top
of the core. Regional analysis of the SV at the CMB provides
evidence for local magnetic flux concentrations, suggestive of
the presence of fluid downwelling at the top of the core (Amit,
2014). Core flow inversions from geomagnetic SV exclude
pure toroidal flow (Whaler, 1986) although the inclusion of
a weak poloidal flow is sufficient to explain it (Lesur et al.,
2015).

Convection in the deeper part of the outer core may penetrate
a stably stratified layer (Takehiro and Lister, 2001; Takehiro, 2015;
Takehiro and Sasaki, 2018). The length of penetration depends on
the timescale and the length scale of the convective features of the
outer core. Theoretical studies predicted a complete penetration
of the stratified layer by the mean zonal flow (Takehiro and
Sasaki, 2018). Outer core convection may also generate MAC
waves in a stably stratified layer which include zonal radial flow
(Buffett, 2014).

Recent studies attempted to reconcile evidence for a stratified
layer from seismology and mineral physics with evidence for
upwelling/downwelling from geomagnetism (Olson et al., 2017;
Christensen, 2018). These studies relied on numerical dynamo
simulations with an imposed stably stratified layer at the top
of the shell and outer boundary heat flux heterogeneity. Here
the main parameters controlling the competition between the
stable layer and the boundary-driven convection are the layer
thickness, the layer stability and the amplitude of CMB heat
flux heterogeneity. The latter is estimated to be large enough
(Nakagawa and Tackley, 2008) so that super-adiabatic conditions
prevail where the CMB heat flux is large (Olson et al., 2017).
The layer thickness and stability depend on the debated total
CMB heat flux and core thermal conductivity. Olson et al. (2017)
found for weak stratification that these local unstable regions
stir the entire stable layer and lead to whole core convection.
Their models are in agreement with the morphology of the
time-average paleomagnetic field as long as the stable layer is
thin. Christensen (2018) showed for strong stratification that
the layer is not penetrated, and consequently, the magnetic
field becomes too dipolar and too axisymmetric compared
to the geomagnetic field (Christensen et al, 2010) due to
a strong skin effect (Christensen, 2006; Nakagawa, 2011). In
addition, such strong stratification would prevent the impact
of CMB heterogeneity on the deeper core (e.g. by prescribing
preferential inner core growth as proposed by Aubert et al,
2008). Mound et al. (2018) proposed that the CMB heterogeneity
induces local stratification at low heat flux regions (rather
than affecting a pre-existing global layer). These hot regions
remain stable while in other parts convection reaches the
CMB.

In this paper, we compare the temporal changes in the
geomagnetic dipole with the temporal variations of the total
geomagnetic energy on the CMB. In section 2 we recall the
formalism of Huguet et al. (2016) for the energy transfer in
2D with radial magnetic field. Following Huguet et al. (2016),
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we compare the level of cancellations in the integrands of
the SV of the total magnetic energy with that of the SV of
the axial dipole but in much greater details. In addition, here
we also compare the level of cancellations in the integrand
of the SV of the total magnetic energy with that of the SV
of the equatorial dipole. These ratios are computed based on
the geomagnetic field and SV from several historical (Jackson
et al,, 2000; Gillet et al., 2015) and satellites (Finlay et al., 2015,
2016b) models. The results are presented in section 3. In section
4 we discuss our main results and their implications for the
presence or absence of stratification at the top of the Earth’s outer
core.

2. THEORY

2.1. Energy Transfers at the Top of the Core
With Radial Magnetic Field

Here we recall the derivation of Huguet et al. (2016) for the
magnetic to magnetic and kinetic to magnetic energy transfers
at the top of the core. We show that non-zero SV of the
total poloidal magnetic energy on the CMB requires kinetic to
magnetic energy transfer. The existence of this energy transfer
depends on the existence of upwelling/downwelling at the top of
the core.

Our starting point is the radial magnetic induction equation
in the frozen-flux limit (Roberts and Scott, 1965) just below the
CMB (where, the radial velocity vanishes):

B, = —uj, - V4B, — B,V}, - j, (1)

where B, is the radial magnetic field, dot denotes time derivative,
uy, is the velocity tangential to the spherical surface, and Vj, is the
horizontal part of the differentiation operator. In Equation (1) the
second term is the advection of the radial field by the tangential
flow, the third term is the stretching of the field by the poloidal
flow, and the first term is the SV. Multiplying (1) by B,/ o (where
Mo is the permeability of free space) gives

— —Vp-uj (2)

The first term in (2) is the integrand of the SV of the total
(poloidal) magnetic energy:

. 1 1
B, = — / ——B,2dS (3)
4amrg Js 210

where r, is the radius of the core and dS = 72 sin 0d¢pd6.
Next we split the stretching term in (2) into two halves:

1 - B? B? B?
B2 = U, Vi = SV~ VT (4)
2o 2o 2p0 210

The divergence theorem (or Green’s theorem) for wrapped 2D
surfaces like the spherical CMB gives trivially zero value for the

integral of any divergence term. Therefore, integrating the sum
of the second and third terms of (4) gives

B? B? B?
f(a’h.vh L +—fv,,ﬂ;>d5=/vh-(7h—f)d5=o
S S 2140

2o 2p0
(5)
We thus obtain
. B? B?
epp = —up - Vy—— — ——Vy, -, (6)
20 2po
. B?
bup = — V- 7)
210
and
E ! /(' + &) dS ! / ds (8)
= e e = e
b 47_[’% S bb ub 47_[7% S ub

Based on (6-7), the local magnetic to magnetic energy transfer ey,
is due to the advection term plus half the stretching term, and the
kinetic to magnetic energy transfer ¢, is exclusively due to half
the stretching term. Globally, the SV of the total (i.e., integrated
over the CMB surface) poloidal magnetic energy is therefore due
to kinetic to magnetic energy transfer only (8). This result is well-
established for the 3D case, i.e., over the entire spherical shell (e.g.
Alexakis et al., 2005a,b, 2007; Debliquy et al., 2005; Mininni et al.,
2005; Carati et al., 2006; Mininni, 2011). Huguet et al. (2016)
proved that it also holds for the 2D case.

2.2. Dipole Moment Changes
Here we recall the theory for the spatial contributions to dipole
changes from Amit and Olson (2008). We describe the theory
for both the axial and equatorial dipole components, which
approximate the dipole intensity (Gubbins, 1987; Gubbins et al.,
2006; Olson and Amit, 2006; Finlay et al., 2016a) and tilt (Amit
and Olson, 2008), respectively.

The geomagnetic dipole moment vector m is generally
expressed in terms of an axial component m, and two
components in the equatorial plane m, and m,

m = m;z + mex + my,y 9)

The axial dipole moment can be written as

4ra’
m, = g? = / 02dS (10)
Mo N
in terms of its integrand on the CMB p,,
37,
Pz = — % B, cos0 (11)
210

where a is the Earth’s radius, g¥ is the axial dipole Gauss
coeflicient and the spherical coordinate system (¢, 6, r) denotes
longitude, co-latitude, and radial distance, respectively.
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Integrands can also be defined for the dipole moment
components along the Cartesian x and y coordinates in the
equatorial plane. The dipole moment integrands along longitudes
0°E and 90°E, respectively are

3r,

Py = ——B, sinf cos ¢ (12)
210
3

Py = iBr sin 6 sin ¢ (13)
2p0

and the corresponding dipole moment components are

47 a’

my = g = / pxdS (14)
o N
4 3

my = — ! :/pde (15)
o S

where g} and h} are the equatorial dipole Gauss coefficients.
The dipole components in the equatorial plane allow to define
the equatorial component of the dipole moment as

4 3
m, = Z” Vel + = /pedS (16)
0 S

in terms of the equatorial dipole moment density p, on the CMB,

3rc . ,
pPe = —— B, sinf cos ¢ (17)
210

where ¢’ = ¢ — ¢y is the longitude relative to that of the dipole
axis. ¢o(t) is the time-dependent longitude of the dipole axis
given by Amit and Olson (2008)

1
$o = tan~! (%> = tan"! (h7}> (18)
my &

Note that m, is by definition positive (16). The dipole tilt angle 6,
can be written in terms of the axial and equatorial dipole moment
components,

[,12 12
90 — tan_l % - tan—l(gli—i_hl
mg

) (19)
g

Finally, based on the above formalism, it is straightforward
to write the SV of the dipole components in terms of spatial
integrands. The time derivative of (11) gives

pz = By cos@ (20)
3
iy = 0 / s 1)
2u0 Js

The time derivative of (17) gives

Pe = B, sinf cos ¢’ + B, sin 0 sin ¢’y (22)
3
o= 5 [ s 23)
20 Js

where the azimuthal angular velocity of the dipole axis is

2 2 2 2
s o+ my & +h

2.3. Measures of the Level of Cancellations
in the Integrands

In order to infer the significance of the values of the SV of
the total geomagnetic energy, we define ratios of integrals with
respect to their corresponding absolute integrals. Such integral
ratios quantify the level of spatial cancellations at a given integral
and may therefore assess the significance of the numerical values.
Similar ratios were used to quantify the level of cancellations in
the integrand of geomagnetic axial dipole change by meridional
advection (Finlay et al,, 2016a) and to calculate the regional
level of cancellations in different SV contributions in numerical
dynamos (Pefia et al., 2016). Huguet et al. (2016) compared the
level of cancellations of the SV of the total magnetic energy with
those of the SV of the axial dipole. Here we recall these definitions
and define a new quantity for the level of cancellations of the
equatorial dipole.
Following (3) the ratio ¢, is defined by

_ [sB/B,dS

- _ 25
J5 |B,B,|dS (25)

Ee
This ratio represents the level of cancellations in the integrand
of the SV of the total magnetic energy. For comparison, the ratio
emz represents the level of cancellations in the integrand of the
SV of the axial dipole and is written

B Js cos 0B,dS

= 26
Jg | cos 0B |dS (26)

Emz
The dipole is the largest scale and the strongest component
of the geomagnetic field. Its current intensity decrease is well-
documented (Gubbins, 1987; Olson and Amit, 2006; Finlay, 2008;
Finlay et al., 2016a; Metman et al., 2018). The ratio &,, therefore
serves as a reference value to a level of cancellations that cannot
be considered negligible.
In addition, following (23) we define the ratio &, which
represents the level of cancellations in the integrand of the SV
of the equatorial dipole

Jssin6 (B, cos (¢ — ¢o) + By sin (¢ — ¢bo) <150) ds

Eme = - -
J5 Isin (B cos (¢ — o) + By sin (& — ¢o) do) 1dS
27)
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This new ratio defines an additional reference value for the level
of cancellations that is significant.

3. RESULTS

In this section, we plot the axial dipole SV (21), the equatorial
dipole SV (23) and the total geomagnetic energy SV (3), all on
the CMB, using various field models.

3.1. Changes in the Total Geomagnetic
Energy

We use several geomagnetic field models. The gufml model
in the historical era (1840-1990) (Jackson et al., 2000) was
constructed from surface observatories and the MAGSAT
satellite data. The COV-OBS.x1 model covers the historical era
until present-day, including satellite data of the past two decades
(1840-2020) (Gillet et al., 2015). COV-OBS.x1 is an ensemble of
100 models that accounts for data uncertainties. The CHAOS-5
(Finlay et al., 2015) and CHAOS-6 (Finlay et al., 2016b) models
rely exclusively on recent high-quality satellite data (1997.1-2016
and 1997.1-2018, respectively). All models are expanded until
spherical harmonic degree 1,4, = 14.

We start with an example of the radial geomagnetic field on
the CMB (Figure 1A) and its SV (Figure 1B) which combine to
produce the integrand of the SV of the total magnetic energy
(Figure 1C), using the field model CHAOS-5 (Finlay et al., 2015)
of the year 2015. The geomagnetic SV is dominated by small
scales with numerous pairs of opposite sign structures that sum
up by definition identically to zero. The integrand of the SV of the
total geomagnetic energy is also dominated by pairs of opposite
sign structures; However, the integrated outcome is different. At
low latitudes of the Southern Hemisphere, several positive local
contributions to the SV of the total geomagnetic energy appear
below the Indian Ocean and West Africa, with their negative
counterparts being much weaker. In addition, below Siberia a
negative B, B, structure is sandwiched by two positive structures.
Opverall, there are more positive contributions than negative, i.e.,
the total geomagnetic energy is instantaneously increasing in this
model.

Figure 2 shows Ej, the integrated SV of total magnetic energy,
during the historical era. Non-zero values are observed, though

at this stage it still remains to be demonstrated that these
values are numerically significant. In the early period, the two
field models differ significantly, possibly due to some spurious
edge effects in COV-OBS.x1 (Metman et al, 2018, N. Gillet,
personal communication). These edge effects are well known in
comprehensive field models (e.g., Wardinski and Holme, 2006;
Olsen et al.,, 2009; Gillet et al., 2013). However, the period over
which these effects may last is unknown; It may depend on
the modeling strategy. Between 1910 and 1990 both models
exhibit increasing total geomagnetic energy with similar trends.
Interestingly, starting from 1990 the E;, value begins to decrease
rapidly and around 2010 changes its sign giving decreasing total
geomagnetic energy with time at present-day.

3.2. Changes in the Geomagnetic Dipole
Figure 3 shows the time-evolution of the geomagnetic dipole
and its temporal rate of change. Because the dipole is the
most robust feature of the field, its uncertainty is the smallest
and the 100 models of COV-OBS.x1 are practically identical to
its mean. In addition, all three models (gufml, COV-OBSxl1,
and CHAOS-5) are in excellent agreement for the dipole. The
axial dipole (Figure 3A) has been decreasing since 1840 (e.g.,
Gubbins, 1987; Gubbins et al., 2006; Olson and Amit, 2006;
Finlay, 2008; Finlay et al., 2016a) and perhaps even further back
in the past (Poletti et al., 2018). However, the rate of axial
dipole decrease (Figure 3B) has been undulating (Olson and
Amit, 2006; Buffett, 2014; Finlay et al., 2016a). The equatorial
dipole (Figure 3C) and the tilt (Figure 3E) are highly correlated.
Until 1960 very small tilt changes are observed, but since then
the dipole axis is rapidly drifting poleward. This trend, noted
a decade ago by Amit and Olson (2008), persists to present-
day (Figures 3C,E). Figures 3D,F are also highly correlated
and show that the poleward drift of the dipole tilt is steadily
accelerating.

The local contributions to the axial and equatorial dipole
components are shown in Figure4. The polarity of the
geomagnetic field in the present chron is negative. Hence, normal
flux patches, especially at high latitudes, provide dominant
negative contributions to the axial dipole integrand, whereas
reversed flux patches, in particular below the South Atlantic,
provide positive contributions, that is, opposite to the dominant

CHAOS-52015 »

0

mT yr’

0.03 -10000 0

uT2yr?

10000

FIGURE 1| (A) B, (B) By, and ©) BB, all for the geomagnetic field model CHAOS-5 in the year 2015 (Finlay et al., 2015).
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FIGURE 2 | The SV of the total geomagnetic energy on the CMB £, as a function of time for gufm1 in the period 1840-1990 (red; Jackson et al., 2000) and
COV-0OBS.x1 in the period 1840-2020 (black; Gillet et al., 2015). Gray lines correspond to the ensemble of 100 models of COV-OBS.x1. Dashed horizontal green line
denotes zero. Note that the SV of the total geomagnetic energy is in units of Mszr*1 .

polarity (Gubbins, 1987; Gubbins et al., 2006; Olson and Amit,
2006; Terra-Nova et al., 2015; Metman et al., 2018). The
equatorial dipole integrand is comprised of four quadrants
separated by the equator and the two meridians 90 degrees
east and west off the dipole longitude ¢y (Amit and Olson,
2008). The Northwest and Southeast quadrants provide positive
contributions to m,, whereas the Northeast and Southwest
quadrants provide negative contributions. The high level of
cancellations in Figure 4B reflects the small magnitude of m,
relative to m,. However, the positive contributions exceed the
negative ones, yielding at present a tilt of ~ 10° of the dipole
axis from the rotation axis (Figure 3E).

3.3. Comparing Total Geomagnetic Energy

and Dipole Changes
The integrands of m, (p; in (20)), m, (p. in (22)), and E,
(B,B,) are shown in Figure5 for four snapshots. Visually,
all three of these quantities exhibit multiple sources and
sinks in all four snapshots. Quantitatively, E; is almost five
times larger in 1940 than in 1900 (Figure 2). Indeed, fewer
cancellations in B,B, in 1940 are seen, in particular, the
positive strip along the longitude of central Asia (Figures 5LF).
Likewise, in 1980 when the dipole tilt was rapidly decreasing
(Figures 3C-F), more positive p, structures are observed, in
particular, two long meridional strips below central Asia and
Oceania (Figure 5E). In contrast, in 1900 and 1940 when the
dipole tilt varied slowly (Figures 3C-F), the p. distributions
are much more balanced (Figures 5H,K). However, in order to
quantitatively assess and compare the level of cancellations of
the three integrands, we turn to the measures introduced in
section 2.3.

Figure 6 shows the evolution of the ratios &, (25), &, (26),
and &, (27) for the geomagnetic field models gufm1 (Jackson
et al., 2000) and COV-OBS.x1 (Gillet et al., 2015). Note that

the two field models are not overlapping, a consequence of the
non-linearity of the & quantities. The 100 models of COV-OBS.x1
provide an estimate of the error.

For gufml, until ~ 1920 &,,, was in general larger than &,
whereas after 1920 the latter was much larger. Until ~ 1960
&me was nearly zero and in general smaller than &,, and &,.
This corresponds to the constant tilt period (Figures 3C-F; see
also Amit and Olson, 2008; Amit et al., 2018). Since 1960, &,
decreases in parallel to the decrease of the dipole tilt, with
maximum absolute &,,, value in the last decade of the model. At
the end of this period |e,,| reaches a comparable value to |&,;],
both much lower than that of .. At most times, however, the
absolute values of €, in gufm1 are smaller than those of ¢, and
Emz-

The ensemble of 100 models of COV-OBS.x1 show significant
variability in &, especially at earlier times, but for &,,; and &,
in practice the 100 models are identical to their respective mean
values. This is to some extent expected because the uncertainty
in COV-OBS.x1 is smallest for the dipole (Gillet et al., 2015). In
COV-OBS.x1, &y, and &, exhibit similar trends as in gufm1 but
with smaller amplitudes, especially for &,,,. Overall ¢, exhibits
large amplitude oscillations and its value is comparable to or
larger than &,,, and &,, except for a few snapshots when &,
changes sign (e.g., around 1940 and 2010). As in gufml &,
is nearly zero until 1960 and decreasing thereafter, though its
amplitude is smaller than in gufml.

We proceed to further test the dependence of our results on
the small scales of the geomagnetic field and its SV. In Figure 7
we show the ratios &, &z, and &, for four snapshots as a
function of the truncation degree of spherical harmonic #1,y,4y. For
the overlapping years ¢, shows significant differences between
gufml and the mean of COV-OBSx1 for . > 8 (as in
Figure 6), whereas, for smaller #,,, both models are in decent
agreement. For all n,,,, values, €,,, and &,, are very similar in

Frontiers in Earth Science | www.frontiersin.org

October 2018 | Volume 6 | Article 170


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Huguet et al.

Dipole Changes and Upwelling

M, (x101 A m? yr—1)

Mme (x1021 A m? yr=1)

—0.02
—0.04

fo (° yr~1)

—0.06

—0.08 + .

1840 1880 1920 1960 2000
Time (year)

FIGURE 3 | Geomagnetic dipole as a function of time for gufm1 (red dashed line; Jackson et al., 2000), COV-OBS.x1 (black solid line; Gillet et al., 2015) and
CHAQOS-5 (blue dashed line; Finlay et al., 2015). Gray lines correspond to the ensemble of 100 models of COV-OBS.x1. Absolute axial component |m | (A), equatorial

A
B
<
E
Ry
£
C
E
<
S
&
S
12 I I
E 115 1
11 J
< 105 1
<
0F _ cov-oBsxl 1
—————— gufml
GE L == CHAOS-5
1840 1880 1920 1960 2000
Time (year)
component me (C) and tilt 6 (E) and time derivatives of axial component m; (B), equatorial component nie (D), and tilt 0'0 (F).

the two models. The three ¢ values approach asymptotic values
with increasing resolution (Figure 7).

For the year 1980 in gufml, &, and &, are comparable for
small 71,45 but &, is larger. For large 7,4y, the absolute values of
&mz and &, are comparable while &, is largest. In 1940 ¢, is by far
the largest and &, is very small for all 1,4 values. In 1900 &, is
the largest for most 1,4y values (Figure 7).

The &, values of the ensemble of 100 models of COV-OBS.x1
include zero values for all years. Nevertheless, all ratios show
an asymptotic behavior with increasing 7,4, which provides
evidence for the significance of the &, and Ej, values. The envelope
of 100 models surrounds the mean values. For &, the envelope
widens with increasing #,,4y, whereas for &,,, and &, the
corresponding envelopes are thin for all 7, values (Figure 7).
In 2015 for low nyugy the absolute &, is the largest, but at
Nmax = 13 the &, and &, of the mean of COV-OBS.x1 cross

and at 7,5, = 14 in most of the 100 models &, is the largest.
In 1980 for low n,,,, the absolute &,,, is largest, whereas for
large #,qx the three ratios of the mean of COV-OBS.x1 are
comparable with about half of the 100 models exhibiting largest
g, values. In 1940 ¢, is by far the largest ratio, especially at
low #nqx. Finally, in 1900 for most #,4y &, is the largest ratio
(Figure 7).

Figures 8A,B show all ratios as functions of time and 7,4y
respectively for the satellites era. With the full resolution
during this period the absolute value of &, is the largest
(Figures 8A). For small ny,x, €. is much smaller than &,
and &y,; increasing npay gives &, comparable to &, but
still smaller than &, (Figures8B). We also compared the
results based on CHAOS-5 (Finlay et al., 2015) and CHAOS-
6 (Finlay et al, 2016b). The results are practically identical
for &p, and &p,, whereas for &, some mild discrepancies
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FIGURE 4 | Geomagnetic dipole integrands for the axial m; (A) and equatorial me (B) components for the year 2015 of CHAOS-5 (Finlay et al., 2015).
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FIGURE 5 | Integrands of iz (A,D,G,J), me (B,E,H,K), and £}, (C,F,L) for CHAOS-5 in 2015 (A-C) and gufm1 in 1900 (D-F), 1940 (G-I), and 1900 (J-L).

exist. Finally, we note that the results for CHAOS-5 and  significance of the small-scale field and SV, which somewhat
CHAOQOS-6 (Figure 8A) differ from those for COV-OBSx1  differ from one model to another, in the €., €., and €4,
(Figure 6) in the overlapping period. This demonstrates the  quantities.
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3.4. Can Magnetic Diffusion Explain the
Changes in the Total Geomagnetic Energy?

The analysis above relies on the frozen-flux approximation,
i.e., magnetic diffusion effects are assumed negligible compared
to the effects of advection and stretching (Roberts and Scott,
1965). This approximation is supported by large estimates of
the magnetic Reynolds number (e.g., Holme, 2015). However,
the presence of a magnetic boundary layer at the top of the
core may introduce a small radial length scale and significantly
larger magnetic diffusion contributions to the SV than often
considered (Gubbins, 1996; Amit and Christensen, 2008; Barrois
et al, 2017). In addition, for global quantities such as the
dipole (or the total magnetic energy), particular field-flow
interactions might yield inefficient advection and hence large
relative diffusive contribution (Olson and Amit, 2006; Finlay
et al., 2016a).

Modeling magnetic diffusion SV from observations is
problematic because the field inside the core is in general
unknown. Amit and Christensen (2008) found in numerical
dynamos a significant correlation between the patterns of
tangential and radial magnetic SV. They proposed that intense
magnetic flux patches on the outer boundary are concentrated
by fluid downwellings which are the surface expressions of
columnar helical vortices. Inside a flow column the tangential
divergence is weaker, therefore the magnetic flux patch diffuses
both tangentially and inwards, hence the correlation between
tangential and radial diffusion. This model was recently
confirmed by core flow re-analysis (Barrois et al., 2017) and joint
inversion of magnetic and velocity fields (Barrois et al., 2018).

The complete radial induction equation at the top of the core,
including magnetic diffusion, is written

) (28)

) 1 92
B, = —u,-VyB,—B,V),-uj, + 1 [ = — (*B,) + VB
r h hDr rVh h rgarz( ) h

where A is magnetic diffusivity and r is the radial coordinate.
The last two terms are radial and tangential diffusion respectively.
According to the model of Amit and Christensen (2008)

100 (r*B,)  V;B (29)
r2 9r? r h=r
and
B, = —uj, - ViB, — B,V}, - uj, + A*V}B, (30)

where A* is the effective magnetic diffusivity which accounts
for radial diffusion. Because tangential diffusion is known from
geomagnetic fleld models, (29) allows to model the full magnetic
diffusion SV. With this magnetic diffusion term, (8) becomes

1 . .
=— /(eub + e4)dS (31)
4 re Js
with the local diffusive contribution to Ej, given by
A*B
ég=——"V}B, (32)
Mo

First we assess analytically the role of magnetic diffusion. Using
the identities for tangential Laplacian and orthogonality of
spherical harmonics, (32) can be rewritten as

* Nmax

= 2Zn(n—l—l Z(B

M06n1

(33)

where B,]” is the radial field of degree n and order m.
Equation  (33) indicates that, based on the model of
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14

Nmax

Amit and Christensen (2008), diffusion would always decrease
the total magnetic energy. Inspection of Figure 2 clearly shows
that this is not the case. The total geomagnetic energy has
increased for about a century. This proves that magnetic diffusion
alone cannot explain the SV of the total geomagnetic energy.
However, can magnetic diffusion explain in part the E, trend?
Next, we assess numerically the role of magnetic diffusion. Amit
and Christensen (2008) extrapolated the magnitude of the core’s
effective magnetic diffusivity to A* = 100 — 1000 m? s~1,
while the amount of diffusion in the solutions of Barrois et al.
(2017) corresponds to A* = 100 — 250 m? s~ !, In Figure 9 we
compare the SV of the total geomagnetic energy vs. its diffusive
contribution with a relatively low estimate of A* = 100 m? s~!.
Clearly, the trends are distinctive. In summary, based on the
model of Amit and Christensen (2008), magnetic diffusion is
unlikely the origin of the SV of the total geomagnetic energy.

4. DISCUSSION

In most cases &, is larger than &,,, and &, i.e., there are fewer
cancellations in the integrand of the SV of the total geomagnetic
energy. In some specific years, the €, curve crosses zero values in
some models of the COV-OBS.x1 ensemble (Gillet et al., 2015).
However, Figure 6 clearly indicates that it is likely that there are
fewer cancellations in the spatial contributions to the SV of the
total geomagnetic energy than in those of the SV of the axial and
equatorial dipole components.

Obviously, a geomagnetic field and SV model characterized by
poor spatial resolution might bias the results. Sensitivity tests for
the role of small-scale field and SV (Figure 7) demonstrate once
again that if the geomagnetic field models over the last century
are robust then the level of cancellations in the integrand of the
SV of the total geomagnetic energy is in most cases comparable to
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or smaller than the level of cancellations in the integrands of the
SV of the axial and equatorial dipole components. An exception
is the CHAOS-5 and CHAOS-6 field models which exhibit
smallest cancellations in the integrand of the SV of the equatorial
dipole (Figure 8A), but the short period covered by these models
renders their interpretation statistically insignificant. The overall
comparable or larger &, values are found in different field models,
at most times and accounting for different small-scale contents.
The latter test includes both the 100 models of COV-OBS.x1
(Gillet et al., 2015) as well as different truncations of field and
SV models. For strongly truncated field and SV, dominance
alternates in time among the three & quantities. Asymptotic
behavior with increasing #,,,, is encouraging. At present-day,
according to the CHAOS-5 model (Finlay et al., 2015), the level of
cancellations in the integrand of the SV of the total geomagnetic
energy is comparable to that of the SV of the axial dipole,
though the rapidly decelerating tilt results in the lowest level of
cancellations for the SV of the equatorial dipole (Figure 8).

Interestingly, the evolution of m, and &, exhibit similar
trends, i.e., nearly constant until 1960 and rapidly decreasing
since (see Figures 3, 6; Amit and Olson, 2008; Amit et al., 2018).
This transition in m, could in principle be due to the same
distribution of g, but decrease in amplitude, or decrease in the
level of cancellations. The first scenario involves no change in
eme. We therefore conclude that the rapid tilt decrease since
1960 is related to genuine changes in the level of cancellations
of p.

Because the SV of the geomagnetic dipole is robust, we
propose that the level of cancellations in its integrands can be
considered as significant references. Our findings that the level of
cancellations in the SV of the total geomagnetic energy is smaller

than or comparable to those of the SV of the dipole components
then indicates that the SV of the total geomagnetic energy is
indeed non-zero. As we have shown, this supports the existence
of upwelling/downwelling at the top of the core, in agreement
with other inferences from the observed geomagnetic SV (Amit,
2014; Lesur et al., 2015).

The quantification of the effects of upwelling/downwelling at
the top of the outer core is not trivial. In core flow inversions
from geomagnetic SV the poloidal flow is usually coupled to the
toroidal flow via some physical assumptions (e.g., Amit and Pais,
2013; Holme, 2015). Our formalism derived in section 2 may shed
some light on the magnitude and size of upwelling/downwelling
at the top of the core. The integrals of the SV of the total
geomagnetic energy (3) and that of the kinetic to magnetic
energy transfer (7) are identical. The associated integrands
are not necessarily comparable. These integrals depend on the
correlations between the various fields involved, which are
reflected in the levels of cancellations. For example, if B, and B,
are highly correlated or highly anti-correlated then €, will be close
to unity, and conversely if B, and B, are nearly non-correlated
then €, will approach zero. The same applies for the correlations
between B2 and the tangential divergence V) - uj,. However,
because B? is positive and alternating upwelling/downwelling
motions are present, it is likely that a similar high level of
cancellations (or low correlations) appears in both. Assuming
comparable integrands in (8) leads to the following evaluation
for the magnitude of the tangential divergence

B
Sp R 2—

3 (34)
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where B is a typical value of B,, B is a typical value of B,
and 8, is a typical upwelling/downwelling value. Using B ~
2.5 uT yr~! and B ~ 320 uT we get an estimated tangential
divergence of 8, ~1.5 century™!, comparable to previous
estimates (see Olson et al. (2018) and references therein). This
estimate represents a typical value, which of course may exhibit
significant spatial variability, in particular in the presence of
non-uniform thermal boundary conditions. If the amplitude of
the CMB heat flux heterogeneity is on the order of unity (e.g.,
Nakagawa and Tackley, 2008; Olson et al., 2017; Christensen,
2018), the spatial variability of the large-scale persistent upwelling
pattern may then reach 3 century~!. Next, the tangential
divergence can be written as Vj - w o~ Up/L, where U,
is the magnitude of the poloidal flow and L is the length
scale of the upwelling/downwelling. As mentioned above the
poloidal flow is difficult to estimate. However, in most core
flow models, the toroidal flow is dominant. Assuming that
the poloidal flow is an order of magnitude smaller than the
toroidal, for a typical large-scale flow of 10 km/yr~! (Finlay
and Amit, 2011), U, 1 km/yr~! and the length scale
of upwelling/downwelling is about 65 km, corresponding to
spherical harmonic degree ¢ 85. Without a magnetic field,
Takehiro and Lister (2001) showed that columnar convection
larger than 100 km can penetrate a thick stratified layer, whereas
the presence of a magnetic field decreases the length scale for
penetration to be larger than 1 km (Takehiro, 2015). If the
upwelling/downwelling motions are associated with turbulent
global convection in the entire core, the timescale of mixing
of a pre-existing stably stratified layer corresponds to the
thickness of the stratified layer divided by the radial motion
velocity, which gives at least 450 years for a 450 km thickness
layer. Then, the existence of a stably stratified layer depends
on the existence of regeneration mechanisms or that the
upwelling/downwelling are associated with MAC waves which

will not mix the stratified layer with the rest of the outer
core.

What are the consequences of our study for the possibility of
stratification at the top of the core? No upwelling/downwelling
corresponds to stable stratification. However, the opposite is
not necessarily true; The existence of upwelling/downwelling
at the top of the core does not necessarily exclude a stratified
layer. Radial flow may penetrate a stably stratified layer if the
convection columns are large enough (Takehiro and Lister, 2001)
or at quasi-geostrophic conditions (Vidal and Schaeffer, 2015).
Another proposed scenario is MAC waves (Buffett, 2014; Buffett
et al., 2016; Jaupart and Buffett, 2017). However, the poloidal
flow associated with MAC waves is very large scale and zonal, in
contrast to the small scale poloidal flow that is strongly linked
to the complex toroidal flow pattern found in most core flow
models inferred from the geomagnetic SV (Bloxham and Jackson,
1991; Amit and Olson, 2006; Amit and Pais, 2013; Barrois et al.,
2017). Alternatively, magnetohydrodynamics simulations show
that zonal flows could completely penetrate a stably stratified
layer (Takehiro, 2015; Takehiro and Sasaki, 2018). Once again,
a zonal flow penetrating a stably stratified layer also seems too
simplistic to explain the geomagnetic SV. It therefore seems
plausible that the existence of a deep stably stratified layer would
correspond to no upwelling/downwelling at the top of the core,
i.e., no temporal change in the total magnetic energy on the CMB
(Alexakis et al., 2005a). We conclude that our results serve as
geomagnetic evidence against a deep stably stratified layer at the
top of the core which is consistent with the most recent seismic
model arguing in favor of a fully adiabatic outer core (Irving et al.,
2018).

In summary, we demonstrated that independently of the
geomagnetic field model used (gufml, CHAOS-5, CHAOS-6,
COV-OBS.x1), the spatial distribution of sources and sinks of
the SV of the total geomagnetic energy is either less balanced
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than or as balanced as those of axial and equatorial dipole SV.
The robustness of the geomagnetic dipole SV observations then
indicates the existence of non-zero SV of the total geomagnetic
energy. Because magnetic to magnetic energy transfer does not
change the total geomagnetic SV (Huguet et al., 2016), kinetic
to magnetic energy transfer should thus exist at the top of the
core. Such a transfer relies on upwelling/downwelling motions
at the top of the free stream. This suggests that a stratified layer
at the top of the core is either shallow or destabilized by the
e.g., lateral variability of CMB heat flux (Olson et al., 2017).
Further exploration of the outer core using combined studies
of geomagnetism, seismology, mineral physics, and numerical
dynamos may shed light on the convective state of Earth’s deep
interior, in particular, the prospect of a stably stratified layer at
the top of Earth’s core.
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